Impact of Dry Granular Flows on a Rigid Wall: Discrete and Continuum Approach  by Gabrieli, Fabio & Ceccato, Francesca
 Procedia Engineering  158 ( 2016 )  152 – 157 
1877-7058 © 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under the responsibility of the organizing and scientific committees of CNRIG2016
doi: 10.1016/j.proeng.2016.08.421 
ScienceDirect
Available online at www.sciencedirect.com
9,,7$/,$1&21)(5(1&(2)5(6($5&+(56,1*(27(&+1,&$/(1*,1((5,1*±
*HRWHFKQLFDO(QJLQHHULQJLQ0XOWLGLVFLSOLQDU\5HVHDUFKIURP0LFURVFDOHWR5HJLRQDO6FDOH
&15,*
,PSDFWRIGU\JUDQXODUIORZVRQDULJLGZDOOGLVFUHWHDQGFRQWLQXXP
DSSURDFK
)DELR*DEULHOLD)UDQFHVFD&HFFDWRD
D',&($YLD2JQLVVDQWL3DGRYD,WDO\
$EVWUDFW
1XPHULFDO VLPXODWLRQVRI LPSDFWV RI JUDQXODU IORZVZLWK VWUXFWXUHV DUH FRPSOH[EHFDXVH WKH\KDYH WR WDNH LQWR DFFRXQW ODUJH
GHIRUPDWLRQV ODUJHVWUDLQUDWHVDQG LQWHUDFWLRQVZLWKERXQGDULHVRUVWUXFWXUHV0RUHRYHU WKHPDWHULDO UHVSRQVH LVJRYHUQHGE\
LQWHUDFWLRQV EHWZHHQ JUDLQV ZKLFK OHDGV WR D FRPSOH[ UKHRORJ\ 'LVFUHWH PHWKRGV '(0 ZKLFK DSSO\ D PLFURPHFKDQLFDO
DSSURDFKDSSHDUVYHU\ZHOOVXLWHGWRWKLVSXUSRVHEXWWKH\FDQKDUGO\GHDOZLWKODUJHVFDOHSUREOHPV,QFRQWUDVWVFRQWLQXXP
PHWKRGVFDQKDQGOHODUJHJUDQXODUYROXPHVEHFDXVHWKH\XVHDPDFURVFRSLFDSSURDFKLQZKLFKWKHPDWHULDOEHKDYLRXULVGHVFULEHG
E\ D FRQVWLWXWLYHPRGHO 7KH DLP RI WKLV SDSHU LW WR FRPSDUH WKH UHVXOWV REWDLQHGE\ D GLVFUHWH DQG D FRQWLQXXP DSSURDFK LQ
VLPXODWLQJWKHLPSDFWRIDGU\JUDQXODUIORZRQDULJLGZDOO7KHSUREOHPLVVLPXODWHGZLWKD'(0FRGHDQGZLWKDVRIWZDUHEDVHG
RQWKH0DWHULDO3RLQW0HWKRG
7KH$XWKRUV3XEOLVKHGE\(OVHYLHU/WG
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKHRUJDQL]LQJDQGVFLHQWLILFFRPPLWWHHVRI&15,*
.H\ZRUGVJUDQXODUIORZ030'(0LPSDFWIRUFHV
,QWURGXFWLRQ
*UDQXODUIORZVKDYHEHHQFODVVLILHGDVRQHRIWKHPRVWKD]DUGRXVODQGVOLGHVGXHWRWKHLUKLJKYHORFLWLHVDQGLPSDFW
IRUFHVWKHORQJUXQRXWGLVWDQFHDQGWKHSRRUSUHGLFWDELOLW\3URWHFWLYHVWUXFWXUHVVXFKDVUHWDLQLQJZDOOVIHQFHVDQG
GDPVFDQEH LQVWDOOHG WRVORZGRZQRUVWRSJUDQXODU IORZV IURPDIIHFWLQJDGMDFHQW LQIUDVWUXFWXUHVDQGUHVLGHQWLDO
FRPPXQLWLHV7KHLPSDFWIRUFHVH[HUWHGE\DJUDQXODUIORZDUHFRPSXWHGZLWKVLPSOLILHGPHWKRGV$QXPHULFDOWRRO


&RUUHVSRQGLQJDXWKRU7HO
(PDLODGGUHVVIDELRJDEULHOL#XQLSGLW
© 2016 The Authors. Published by lsevier td. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under the responsibility of the organizing and scientific committees of CNRIG2016
153 Fabio Gabrieli and Francesca Ceccato /  Procedia Engineering  158 ( 2016 )  152 – 157 
DEOHWRFDSWXUHWKHNH\IHDWXUHVRIWKHVHSKHQRPHQDZRXOGEHXVHIXOLQWKHGHVLJQRIVWUXFWXUHVWKDWFDQZLWKVWDQG
VQRZDQGURFNDYDODQFKHVDVZHOODVKLJKVSHHGODQGVOLGHV0RVWVWXGLHVRIGU\JUDQXODUIORZVLQWKHFRQWH[WRIJHR
KD]DUGVIRFXVHGRQIORZPRGHOVIRUSUHGLFWLQJWKHUXQRXWGLVWDQFHYHORFLW\DQGRWKHUYDULDEOHV7KHXQGHUVWDQGLQJ
RIWKHLPSDFWSURFHVVDQGWKHHYROXWLRQRIWKHVWDWLFDQGG\QDPLFIRUFHFRPSRQHQWVDUHVWLOOTXLWHOLPLWHG
1XPHULFDOVLPXODWLRQVRIJUDQXODUIORZVDUHFRPSOH[EHFDXVHWKH\KDYHWRWDNHLQWRDFFRXQWODUJHGHIRUPDWLRQV
ODUJHVWUDLQUDWHVLQWHUDFWLRQVZLWKERXQGDULHVRUVWUXFWXUHVDQGFROOLVLRQDOLQWHUDFWLRQVEHWZHHQJUDLQVZKLFKOHDGV
WRDFRPSOH[FRQVWLWXWLYHEHKDYLRURIWKHPDWHULDO9DULRXVQXPHULFDOWHFKQLTXHVKDYHEHHQXVHGIRUDQDO\]LQJWKH
LQFHSWLRQRUWKHSURSDJDWLRQRIDODQGVOLGHEXWRQO\DIHZDUHVXLWDEOHIRUVWXG\LQJWKHZKROHSURFHVVDVZHOODVWKH
LPSDFW DJDLQVW VWUXFWXUHV7KHVH LQFOXGH'LVFUHWH(OHPHQW0HWKRGV '(0 >@ DQG FRQWLQXXPEDVHG/DJUDQJLDQ
PHVKOHVVPHWKRGV>±@
'(0DSSOLHVDPLFURPHFKDQLFDODSSURDFKVLQJOHVRLOJUDLQVDUHVLPXODWHG7KHLQWHUDFWLRQVEHWZHHQJUDLQVLV
WDNHQLQWRDFFRXQWUHDOLVWLFDOO\EXWWKHNQRZOHGJHRIWKHFRQWDFWSDUDPHWHUVWKHLUOLQNWRPDFURVFRSLFTXDQWLWLHVDQG
WKHHIIHFWRIFRQVLGHULQJJUDLQVKDSHVGLIIHUHQWWKDQVSKHULFDOFDQEHGLIILFXOWWRGHWHUPLQH7KHFRPSXWDWLRQDOFRVWLV
YHU\KLJK WKXVVLPXODWLRQVRIUHDOVFDOHHYHQWVPD\EHLQHIIHFWLYH)RUWKLVUHDVRQFRQWLQXXPEDVHGPHWKRGVDUH
RIWHQSUHIHUUHG7KH\DSSO\DPDFURVFRSLFDSSURDFKLQZKLFKWKHEHKDYLRURIWKHJUDQXODUPDVVLVGHVFULEHGE\WKH
FRQVWLWXWLYHPRGHO/DJUDQJLDQPHVKOHVVPHWKRGVFDQVLPXODWHVPDOODQGODUJHGHIRUPDWLRQVRIELJVRLOPDVVHVZLWK
DOLPLWHGFRPSXWDWLRQDOFRVW$PRQJVWWKHPWKH0DWHULDO3RLQW0HWKRG030DSSHDUVWREHSDUWLFXODUO\SURPLVLQJ
DQGLWLVSUHIHUUHGLQWKLVVWXG\
7KHDLPRIWKLVSDSHULVWRFRPSDUHWKHUHVXOWVREWDLQHGZLWKDGLVFUHWHDQGDFRQWLQXXPDSSURDFKLQVLPXODWLQJ
WKHLPSDFWRIDJUDQXODUIORZRQDULJLGVWUXFWXUH,QWKLVZRUNZHFRQVLGHUDVHWRIODERUDWRU\WHVWVUHSRUWHGE\>@
LQZKLFKDFXELFDOVDPSOHRIGU\JUDQXODUPDWHULDOLVLQVWDQWO\UHOHDVHGIURPWKHWRSRIDQLQFOLQHGVORSHLWIORZV
GRZQWKHFKDQQHODQGKLWVDULJLGZDOORQZKLFKLPSDFWIRUFHVDUHPHDVXUHG7ZRUHIHUHQFHWHVWVKDYHEHHQVHOHFWHG
YDU\LQJWKHFKXWHLQFOLQDWLRQT DQGT 7KHSUREOHPLVVLPXODWHGXVLQJ'(0GLVFUHWHDSSURDFKDQG
030FRQWLQXXPDSSURDFK7KHFRQVLGHUHGSUREOHPLVYHU\FRPSOH[DQH[KDXVWLYHFRPSDULVRQEHWZHHQWKHWZR
PHWKRGVFRYHULQJDOOWKHVLPLODULWLHVDQGGLVVLPLODULWLHVH[FHHGVWKHSXUSRVHRIWKLVSDSHUZKLFKZDQWVWRJLYHRQO\
DQLQVLJKWWRWKHSUREOHP
'(0PRGHO
7KH 'LVFUHWH (OHPHQW 0HWKRG LV XVHG WR VLPXODWH WKH EHKDYLRU RI JUDQXODU PDWHULDOV LQ VHYHUDO ILHOGV IURP
JHRWHFKQLFV WR PDWHULDO VFLHQFH DQG SURFHVV HQJLQHHULQJ ,W H[SOLFLWO\ VROYHV WKH G\QDPLF RI GLVFUHWH LQWHUDFWLQJ
SDUWLFOHVE\DVVXPLQJDPLFURPHFKDQLFDOFRQVWLWXWLYHPRGHODWWKHFRQWDFWV,QRXUFDVHWKHEDVLFFRQWDFWPRGHOKDV
EHHQXVHGWKHQRUPDOFRQWDFW LVUXOHGE\DOLQHDUHODVWLFVSULQJFRXSOHGZLWKDGDVKSRWZKLOHDIULFWLRQDOVOLGHUD
GDVKSRWDQGDOLQHDUVSULQJLVXVHGLQWDQJHQWLDOGLUHFWLRQ>@)ULFWLRQDOSDUDPHWHUVKDYHEHHQVHOHFWHGRQWKHEDVHRI
WKHPHDVXUHPHQWVJLYHQLQ>@/LQHDUHODVWLFVWLIIQHVVSDUDPHWHUVDWWKHFRQWDFWKDYHEHHQFKRVHQDFFRUGLQJWRWKH
FDOLEUDWLRQSHUIRUPHGLQ>@'DPSLQJFRHIILFLHQWKDVEHHQFRPSXWHGRQWKHEDVHRIUHVWLWXWLRQFRHIILFLHQWVSURYLGHG
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EDQGVEHFRPHFRQYH[ZLWKUHVSHFWWRWKHZDOOLQ'(0DQGVWUDLJKWEXWLQFOLQHGLQ0306LPLODUREVHUYDWLRQVDUH
DOVRYDOLGIRUT 
)LJXUHVKRZVWKHQRUPDOLPSDFWIRUFHVREWDLQHGZLWKWKHWZRPRGHOV:LWKERWKPHWKRGVLQFDVHT WKHIRUFH
LQFUHDVHVXSWRDFRQVWDQWYDOXHZKLFKFRUUHVSRQGVWRWKHVWDWLFUHDFWLRQIRUFH,QFDVHT WKHIRUFHLQFUHDVHVXS
WRDSHDNYDOXHGXHWRWKHG\QDPLFLPSXOVHDQGWKHQGHFUHDVHVWRWKHFRQVWDQWVWDWLFYDOXH+RZHYHUWKHLPSDFWIRUFHV
DUHTXDQWLWDWLYHO\GLIIHUHQWLQWKHWZRPHWKRGV

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
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)LJ;YHORFLW\ILHOGGXULQJWKHSURSDJDWLRQDQGLPSDFWSKDVHLQFDVHRIT 
030SUHGLFWVORZHULPSDFWIRUFHVLQFDVHRIVORSHLQFOLQDWLRQT 7KLVUHVXOWLVH[SODLQHGREVHUYLQJWKHVKDSH
RIWKHGHDG]RQHLQ030VLPXODWLRQWKHGHSRVLWLVWKLQQHUDQGPRUHHORQJDWHGFRPSDUHGWR'(0)LJ,QFRQWUDVW
DKLJKHUSHDNIRUFHLVREWDLQHGZLWK030IRUWKHLQFOLQDWLRQRI7KLVUHVXOWPD\EHVXUSULVLQJEHFDXVHWKHLPSDFW
YHORFLWLHVDUHKLJKHULQ'(0,WFRXOGEHGXHWRWKHGLIIHUHQWHYROXWLRQRIWKHGHDG]RQHRUWRDGLIIHUHQWEHKDYLRURI
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WKHPDWHULDODWWULEXWHGGXULQJWKHLPSDFWE\WKHFRQWLQXXPDQGGLVFUHWHDSSURDFK,QGHHGLWFDQEHQRWHGWKDWLQ'(0
WKHIURQWLVFKDUDFWHUL]HGE\DFROOLVLRQDOUHJLPHWKHGHQVLW\LVTXLWHORZDQGSDUWLFOHVLQWHUDFWPDLQO\E\LQVWDQWDQHRXV
FROOLVLRQZLWKDVLJQLILFDQWHQHUJ\GLVVLSDWLRQZKLFKLVQRWWDNHQLQWRDFFRXQWLQWKHFRQWLQXXPDSSURDFK
7KHPD[LPXP LPSDFW IRUFHPHDVXUHG LQ WKH H[SHULPHQW LV N1P IRUT  DQG N1P IRUT  %RWK
PHWKRGVRYHUHVWLPDWHWKHLPSDFWIRUFHEXWLWVHHPVWKDWDEHWWHUUHVXOWLVREWDLQHGZLWK030DWORZLQFOLQDWLRQVDQG
ZLWK'(0DWKLJKHULQFOLQDWLRQV

)LJ)ORZSURILOHEHIRUHWKHLPSDFWLQD030DQGE'(0DQGIORZSURILOHHYROXWLRQGXULQJWKHLPSDFWIRUF030DQGG'(0

)LJ1RUPDOLPSDFWIRUFHVREWDLQHGZLWK030DQG'(0IRULQFOLQDWLRQDQJOHVRIDQG
'LVFXVVLRQDQGFRQFOXVLRQV
7KHLPSDFWRIDJUDQXODUPDVVLVDFRPSOH[SKHQRPHQRQZKLFKLVWKHUHVXOWRIPXOWLSOHSKDVHVFRUUHODWHGRQHHDFK
RWKHU WKH LQLWLDWLRQ RI PRWLRQ LWV SURSDJDWLRQ DORQJ WKH FKDQQHO DQG WKH LQWHUDFWLRQ ZLWK WKH REVWDFOH ZLWK WKH
VXEVHTXHQWIRUPDWLRQRIWKHGHDG]RQH,QWKLVZRUNZHGLGQRWFRYHUH[KDXVWLYHO\DOOWKHVHDVSHFWVEXWZHZDQWWR
JLYHDQLQVLJKWWRWKHSUREOHP
$OWKRXJKWKHWZRPHWKRGVDUHLQWULQVLFDOO\GLIIHUHQW WKHREWDLQHGHYROXWLRQRIWKHLPSDFWIRUFHLVTXDOLWDWLYHO\
VLPLODUEXWQRWTXDQWLWDWLYHO\7KHLPSDFWIRUFHLVVWURQJO\LQIOXHQFHGE\WKHHYROXWLRQRIWKHGHDG]RQHZKLFKDFWV
DV D GDPSHU IRU WKH DUULYLQJ IORZ PDVV 7KH IRUPDWLRQ RI WKH GHDG ]RQH GLIIHUV EHWZHHQ '(0 DQG030 WKXV
H[SODLQLQJWKHGLVVLPLODUIRUFHYDOXHV
'(0 WDNHV LQWR DFFRXQW WKH PLFURPHFKDQLFDO LQWHUDFWLRQV EHWZHHQ SDUWLFOHV ZKLFK DSSHDUV IXQGDPHQWDO WR
GHVFULEHWKHEHKDYLRURIGHQVHJUDQXODUIORZV,QSDUWLFXODUWKHQXPEHURIFROOLVLRQVDQGWKHHYROXWLRQRIWKHIRUFH
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FKDLQVVKRXOGEHLQYHVWLJDWHG,Q'(0VROLGJUDLQVDUHVLPXODWHGZLWKVSKHUHVEXWWUXHJUDQXODUPDWWHULVFRQVWLWXWHG
E\LUUHJXODUDQJXODUSDUWLFOHVWKHHIIHFWRIWKHVKDSHDQGWKHFRQWDFWPRGHOVKRXOGEHH[DPLQHGLQPRUHGHWDLOV
,Q030WKHPDWHULDOUHVSRQVHLVVLPXODWHGZLWKDQHODVWRSODVWLFPRGHOZKLFKLVXQDEOHWRWDNHLQWRDFFRXQWWKH
HIIHFWRILQVWDQWDQHRXVFROOLVLRQVEHWZHHQJUDLQV7RLPSURYHWKHUHVXOWVDPRUHVRSKLVWLFDWHGFRQVWLWXWLYHPRGHO
DEOHWRFDSWXUHWKHEHKDYLRURIWKHJUDQXODUIORZLQDZLGHUDQJHRIVKHDUUDWHVVKRXOGEHLPSOHPHQWHG+RZHYHU
GHVSLWHWKHUHVHDUFKGRQHLQWKLVILHOGDVDWLVIDFWRU\VROXWLRQKDVQRWEHIRXQG\HW
$FNQRZOHGJHPHQW
7KHDXWKRUVZRXOGOLNHWRWKDQNWKH(8DQGWKH,WDOLDQ0LQLVWU\RI(GXFDWLRQ8QLYHUVLW\DQG5HVHDUFK0,85
IRU IXQGLQJ LQ WKH IUDPH RI WKH FROODERUDWLYH LQWHUQDWLRQDO FRQVRUWLXP'20,12 ILQDQFHG XQGHU WKH (5$1(7
&RIXQG:DWHU:RUNV&DOO7KLV(5$1(7LVDQLQWHJUDOSDUWRIWKH-RLQW$FWLYLWLHVGHYHORSHGE\WKH:DWHU
&KDOOHQJHVIRU&KDQJLQJ:RUOG-RLQW3URJUDP,QLWLDWLYH:DWHU-3,
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